The structure and dynamics of negatively charged nucleic acids strongly correlate with the concentration and charge of the oppositely charged counterions. It is well known that the structural collapse of DNA is favoured in the presence of additional salt, a source of excess oppositely charged ions. Under such conditions single stranded DNA adopts a collapsed coil like conformation, typically characterized by stacking base pairs. Using atomistic molecular dynamics simulation, we demonstrate that in the presence of additional divalent salt (MgCl 2 ) single stranded DNA with base sequence 5'-CGCGAATTCGCG-3'(Dickerson Drew dodecamer) initially collapses and then expands with increasing salt concentration. This is due to the overcharging induced DNA chain swelling, a dominant factor at a higher divalent salt concentration. In a nutshell, our simulations show how in the presence of divalent salt, non-sequential base stacking and overcharging competes and affect single stranded DNA dynamics unlike a monovalent salt.
I. INTRODUCTION
Nucleic acids have crucial biological functions in gene storage, replication, repair and gene regulation 1, 2 . Single stranded DNA (ss-DNA) molecules are important intermediates in most of the DNA mediated metabolisms. ss-DNA in their native state is inherently polyanionic in nature because of its negatively charged phosphate backbones. In single stranded DNA this intra strand repulsion between individual phosphate residues renders the overall system stable against folding. On the other hand, charged cations (e.g Na + , Mg 2+ ) screen this electrostatic repulsion and help in the structural collapse of single stranded DNA. ss-DNA-ion and ss-DNA-water interactions attribute to the conformational flexibility of the chain and have been addressed in experimental as well as simulation studies. In a recent experimental study, the dependence of persistence length of DNA and RNA on salt concentration has been studied by Kuznetsov et al. 3 by using equilibrium DNA hairpin melting profiles. Bizarro et al. 4 determined the same parameters in the presence of Na + using atomic force microscopy 5 . Holm 6 showed the formation of a strongly correlated liquid driven by the weak Columbic interaction of ions along ss-DNA chain by using radial distribution calculations. Amongst different models prescribed for ion-binding fluctuations, the tight bound ion (TBI) is most successful in predicting the roles of monovalent/ divalent cations in stabilizing RNA hairpins 7, 8 and RNA tertiary structures 9 . The site-specific hydration behaviour of single stranded DNA has been probed by absorption spectroscopy 10, 11 . Conformational flexibility of oligo-dT is found in the range between 10 and 70 nucleotides from 0.025 to 2M NaCl using FRET 12 The sequence specific distributions of purine and pyrimidine nucleobases in the native states of DNA govern the conformational properties of the ss-DNA. However, the ss-DNA adopts a collapsed coil like conformation in the presence of ions and the distribution of stacked base pairs gets altered significantly 16 . In the collapsed coil like state, bases which do not obey the original sequence connectivity, may get stacked with each other because of their close proximity unlike the native state of the DNA. This non-sequential mode of base pair stacking 16 is one of the main stabilizing forces in the collapsed form of an ss-DNA as the interaction energy (both Columbic as well as van der Waals)
between such a stacked base pair contributes appreciably to the overall attractive potential of the system. The conformational fluctuations of the DNA can also be characterized by considering the dynamics of the ions and solvent molecules around since the flexibility of an ss chain is sensitive towards its 'ionic environment'. Therefore, the study of ionic charge, size and concentration are of huge importance in determining the flexibility of the overall DNA. Both theoretical calculations as well as computer simulations predict that multivalent ions are more efficient in inducing the structural collapse of polyelectrolytes 17 . In most of these computational methods, a coarse-grained 18 model of an ss-DNA was systematically analyzed by Monte Carlo simulation
19
. Although the use of coarsegraining reduces the number of atoms and simplifies the system, it misses out chemical details which can only be captured in all atom simulation. As for example, the structural flexibility of the ss-DNA as a function of increased positive charge on the ion and its concentration was well addressed by
Wang & co-workers 20 but further information about the base pair stacking both in the native as well as collapsed state of the DNA could not be extracted due to the coarse-grained formalism. An alternate atomistic molecular dynamics simulation would be computationally expensive but worth employing as it would be extremely useful in analyzing the conformational changes of the molecule and the preferential affinity of DNA bases and backbone for ions and the solvent. To the best of our knowledge, there have not been many attempts to investigate the dynamic of ss-DNA in the presence of moderate to highly concentrated divalent cation (Mg 2+ ) using atomistic simulations 21 . In this paper, . A combined analysis of the data reported in this paper, may be helpful in comparing the patterns encountered in the structural collapse of the DNA at different concentrations of a divalent counterion such as Mg 2+ .
The paper is arranged as follows: In section II we present the simulation details and section III deals with the simulation results. The paper ends with the conclusions in section IV.
II. DNA model and simulation details
All the molecular dynamics simulations are performed using GROMACS 4. 
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Energy minimization of the system is a key simulation step since it takes care of any kind of unfavourable strain on the system. We employ the steepest descent algorithm 15 in order to converge the potential energy of the system. Next, the system is equilibrated in constant volume and temperature ensemble (NVT) performed at a temperature of 300K for 1 ns. Once the system reaches the desired temperature, it is then equilibrated using the isobaric-isothermal ensemble (NPT) for 2 ns at this temperature. This step is carried out at a constant pressure of 1 bar using Parrinello-Rahman borostat 31 and the v-rescale thermostat 32 is used to keep the temperature of the system constant at 300 K and the system configuration is updated by GROMACS using the leap frog integrator
33
. After the completion of the equilibration steps, the production MD run is started for 50 ns. We would like to mention that accurate statistical sampling of systems like ours which stay away from equilibrium is very difficult. One can reproduce a statistical ensemble correctly if the sampling time is sufficiently long. However the main purpose of this work is to extract qualitative trends of structural DNA collapse in the presence of a divalent salt and the factors influencing the dynamics. Since, most of the initial tendencies of the dynamics parameters can already be obtained from a short simulation of 50 ns we did not carry out longer simulations in order to improve the statistical sampling of the system. The average temperature of the equilibrated trajectory is found to be 300.012K. The entire production MD is carried out with a time step of 2 fs and the information regarding trajectory, velocity and energy are We observed the emergence of new non sequential stacking motifs which disrupts the sequentially stacked ones to a considerable extent. To quantify this, we monitored the variation of the centre of mass distance (R S ) between any two residues, considering only ring atoms. We define two base residues to be stacked (sequentially or non-sequentially) if the calculated R S is ≤ 0.5 nm 39 . It is to be noted that by the term 'stacking' we imply the close proximity of any two DNA bases which resembles the π-π stacking between two aromatic rings in real world despite the fact that classical force fields cannot give a proper estimation of the π-π stacking since they cannot treat the π electrons or their polarizabilities explicitly. Therefore it is only an approximation to calculate the non-boned interaction energy parameters in connection with describing stacked DNA bases. While classical force fields fail to estimate the π-π stacking between DNA base pairs accurately even if the force fields are re-parameterized 40 , there are quite a few works in which the non-bonded energy estimations are reported in connection with the stacking of nucleic acids using all-atom CHARMM force field 41, 42 .
Furthermore, it has also been shown that the extent of nucleic acid base flipping varies significantly with force fields (CHARMM27 and 36) though it is currently difficult to evaluate the accuracy of the employed force fields based on QM data 43 . Therefore, although the empirical CHARMM force field does not contain a specific energy term for π-π interaction, it can be assumed that the non-bonded energy terms described in the force field can be used in the context of the stacking of two DNA base pairs. In this study we calculate all possible R S distances of all residue combinations and some of them are displayed here. From FIG.4 it is quite apparent that non sequential C1/G12 base pair remains stacked for almost 50% of the total simulation time while stacking in the case of the base pair C1/G4 exists only during the last 10 ns of the simulation time. However, most of the base pairs do not stay stacked throughout the remaining 50 ns simulation and the discontinuity of non sequential stacking may be attributed to inadequate overall DNA structural collapse due to the lack of sufficient counterion concentration. These non-sequentially stacked motifs contribute appreciably to the overall stabilization (both electrostatic as well as van der Waals energies) of the system in collapsed form. 
B. Site specific ss-DNA interaction with water and ions

Structural arrangement of solvent molecules and ions
In order to have a broader picture of the overall structural collapse of the DNA, it is equally important to probe the preference of positively charged Mg 
C. Effect of increasing ionic concentration on DNA conformation
An overview of the atomistic simulation of the DD dodecamer, followed by some experimental (a)
The emergence of a non-sequentially stacked motif is expected to influence the stacking of its sequential counterpart. In order to investigate this, we have monitored the time evolution of the R S of a sequentially stacked base pair G10/C11 at different concentrations. It is evident from FIG 9. a that the regular sequential arrangement of the base pair G10/C11 gets most disrupted at 0.05M and 0.1M concentration of MgCl 2 , apparently a penalty for the stacking between G10 and G12 which are not sequentially connected. Since the stability of the non-sequentially stacked G10/G12 is found to be quite low (FIG 7.b) at 0.3 and 1M concentration of MgCl 2 , the sequential stacking between G10 and C11 is observed almost throughout the entire 50 ns simulation time (FIG 9.b) . The corresponding energy contributions are consistent with the sequentially connected G10/C11 pair getting disrupted at lower Mg 2+ concentrations (0.05M and 0.1M) and realigned at higher molar concentrations (0.3 and 1M) of MgCl 2 (FIG 10.a and FIG 10.b) . A correlation between the average distance/energy parameters (TABLE 1) 
D. Ion binding and overcharging
The above described ss-DNA structural collapse is strongly related to the microscopic ion binding properties. We calculate the radial distribution of the net charge Q(r) which corresponds to the total net ion charges within a distance r from the ss-DNA chain. It is evident from FIG 11. b that the increase in charges in the vicinity of the DNA chain results in a stepwise increase in its ion binding and as a consequence the value of Q(r) increases continuously at smaller distances from the DNA before warding off to 1 at distances far apart from the DNA. The magnitude of Q(r) exceeding 1 at 0.3 and 1M MgCl 2 concentrations is indicative of these two systems being overcharged significantly presumably leading to DNA chain expansion at the above two concentrations. This is consistent with
Muthukumar & co-workers's prediction for polyelectrolyte gel swelling to a large extent in divalent salts 59 and the crucial role of the ion excluded volume on the properties of a polyelectrolyte in the presence of a tetravalent salt 55 . The variations of the average distance parameters R e and R G (FIG   11.a) are in good agreement with the net charge distribution of the system (FIG 11.b) .
IV. Conclusions
In this paper, using atomistic MD simulations we monitor the structural changes of an ss-DNA in the than that of NaCl is sufficient to achieve the same chain compaction of ss-DNA and ss-RNA 58 .
Caliskan et al 60 has also shown that the persistence length changes dramatically as RNA folds over a narrower concentration range of Mg 2+ as compared to Na + .
Our simulations show that the extent of the DNA structural collapse increased monotonically from 0.05M to 0.1M under similar simulation conditions whereas the conformational deviations of the 
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